plasma focus [4, 5] , and wire-array z-pinches [6] . A method for reliably creating a bright spot at a predetermined location to enable it to be studied is the X-pinch configuration [7] in which two or more fine wires are arranged so that they cross at a single point. Experiments with X pinches driven by a 0.2 MA, 60-ns linearly-rising current found that micropinch plasmas can have sizes of 0.8-1.5 µm diameter [8, 9] , temperatures of about 1 keV, densities >10% of solid density, and durations of 10-100 ps [2, 10, 11] . These high energy density plasmas have a plasma pressure of about 0.4 Gbar, comparable to the 1-Gbar magnetic pressure of 0.2 MA at 1 µm.
Understanding micropinch plasmas is important. For example, 16 MA tungsten wirearray z-pinch experiments contain numerous small, brightly emitting regions in 6.15 keV emission that may emit about 30% of the total 1 MJ 0.1-10 keV radiation yield [12] , including most of the >2 keV radiation. Data from 0.2 MA X-pinch experiments has been explained using a model based on approximate Bennett equilibrium conditions in which a balance was achieved between blackbody radiation losses and Joule (thermal) heating by the current [13] . Assuming the collapse ends at a radius of 1 µm, this equilibrium model predicts a ten-times-solid density, 156 Gbar plasma at 1 MA! Recent experiments studied multi-wire X-pinch loads at currents up to 2.3 MA, reporting spot size measurements down to about 20 µm and measured radiation powers of 120 GW in 1-3 keV radiation [14, 15] , but testing the predictions of Ref. 13 requires more detailed data.
Here we summarize results from 31 X-pinch experiments on the 6 MA, 60-ns SATURN pulsed power facility in which we directly measured several key bright spot parameters for the first time for currents up to 5 MA. The SATURN experiments extend previous work on the 1 MA, 100-ns COBRA facility [16] . We fielded several X-pinch load designs that were first evaluated on 1 MA experiments, including large wire-number cylindrical wire arrays twisted into an X-pinch [16] , nested multi-layered wire arrays twisted into an X-pinch [17] , and a hybrid configuration in which a single wire is strung across two conical electrodes [16, 18, 19] . However, most of our SATURN experiments used X-pinch loads with solid, machined cross points as shown in Fig. 1 . The targets were made of tungsten, a W/Cu alloy (47.1/52.9 atomic %), or a Cu/Ni/Mn alloy (53/45.9/1.1 atomic %) with minimum mass per unit length values in the12-24 mg/cm range. These masses were chosen based on the self-similar implosion scaling law [20] , Π = (µ 0 I 2 τ 2 )/(4πm l r 2 ), where Π is a scaling constant,
I is the peak current, τ is the implosion time, m l is the liner mass per unit length, and r is the radius. Increasing the radius is the only way to vary m l for solid density, on-axis matter, so that m l scales linearly with current. Previous experiments at 1 MA were about 3 mg/cm [16] .
Example current and radiation traces are plotted in Fig. 2 . The current in these experiments was measured using B-dot probes located upstream of the load [21] . The first significant >3 keV x-ray burst typically occurred at current values ranging from 3-5 MA.
As described previously [16] , the total soft x-ray power was measured using x-ray diodes normalized to Ni bolometers, and photoconducting diodes (PCDs) filtered with 25 µm Be or 12 µm Ti measured >1 keV and 3-5 keV continuum radiation, respectively. Typical peak radiation powers were about 10 TW (total emission), 200-500 GW (>1 keV), and 15-90 GW (3-5 keV). Typical x-ray yields were 100-150 kJ (total), 1-5 kJ (>1 keV), and 50-300 J (3-5 keV). The best radiating material was tungsten, which had total x-ray powers of 10 TW peak and yields of 165±20 kJ, and 3-5 keV radiation of 50-90 GW peak power and 150-350 J yield.
The diodes were sampled every 200 ps, which could lead to underestimates of the power for source durations <100 ps. On a limited number of tests we used an x-ray streak camera to obtain continuous time resolution. The camera photocathode was about 7 m from the target with the same 35
• view as the diodes. In the example data shown in Fig. 3 , a short burst with strong >5 keV x-ray emission is seen followed by a series of weaker bursts. The streak image shows more discrete structure than the corresponding PCD trace shown in Fig. 2 . About one quarter of the width of the pulses in Fig. 3a is due to the streak response (the static slit image is about 100 ps wide). Deconvolving this width from the data gives a full-width-at-half-maximum for the >5 keV emission of about 0.4 ns. If the streak camera was out of focus (a recurring problem here), the duration could be shorter.
The relative streak camera response from 1-30 keV, shown in Fig. 3b , was determined using the transmission of the various filters [22] with a model for the back-surface quantum yield of the 102-Å Au photocathode [23] . The image in Fig. 3a was processed to find the relative signal amplitudes for the first x-ray burst through each of six different filters (Fig. 3c) . These data are compared with blackbody and bremsstrahlung models for the continuum radiation. Since the absolute response of the streak camera is unknown, the model results were normalized to match the total amplitude of the six data signals. Clearly to distinguish between the two models it would have been desirable to obtain data at >10
keV, but the streak camera did not have a sufficient dynamic range to permit this. A range of temperatures give similar fits to the data. Above and below these ranges the relative amplitudes of the low-and high-energy filter groupings disagree with the data. The slope of the 5-10 keV continuum measured using a time-integrated spectrometer on W and W/Cu experiments is also consistent with the slope implied by this time-resolved streak data. In
Cu/Ni/Mn experiments we saw strong K-shell radiation from Cu, Ni, and Mn, implying few keV electron temperatures. The Cu radiation was suppressed and the continuum stronger in W/Cu experiments, consistent with the higher efficacy of tungsten X-pinches at converting electrical energy into radiation.
The source size in soft x rays was found using time-gated multi-layer mirror pinhole cameras [24] . Example monochromatic (277 eV) and broadband (>1 keV) x-ray images are shown in Fig. 4 . The 277 eV data is representative of the total soft x-ray power data, and as in Fig. 4a this emission was always observed from a roughly 3 mm (or less) vertical region on solid-target X-pinch tests. The keV image was generally smaller, particularly during the first x-ray burst. In 0.2 MA experiments the first x-ray burst is associated with the smallest x-ray source sizes, and later x-ray bursts are associated with a subsequent disruption of the pinch plasma as verified in radiography data [25] . We note that the best thermal radiation sources on SATURN are 20 mm tall W wire arrays that produce 75±10 TW and 450±50
kJ, for about 4 TW/mm and 23 kJ/mm [26] . The 10 TW and 165±20 kJ made by our W X-pinch sources are comparable at roughly 3 TW/mm and 55 kJ/mm. This is interesting because unlike a cylindrical wire array, which involves a high-velocity implosion of mass to the array axis, all of the X-pinch mass starts on axis and the implosion kinetic energy remains low.
The time-integrated multi-keV source size was inferred with high spatial resolution using an array of 20-, 40-, and 80-µm wide slits at a distance of 100 mm horizontally from the target and a detector at 660 mm. As was done previously [8, 16] , wave-optics modeling is used to calculate slit images for different source sizes. Only x-ray sources ≤9 µm in diameter project slit images with equal peak intensities at all three slit sizes. For ≤3 µm sources, diffraction peaks become visible. Example data is shown in Fig. 5 that is consistent with a time-integrated 6-9 keV source size of 5 µm diameter. The slit measurements were very difficult to obtain due to background from high-energy diffuse sources (e.g., post-pinch electron beams [27, 28] ), so only some tests succeeded in this direct measurement.
A key question is whether the bright spots in our 5 MA experiments correspond to more extreme states of matter than observations from 0.2-1 MA experiments. We first note that the total 3-5 keV radiation power and energy from our 5 MA W X-pinch experiments are much higher than the ∼2 J, 1-10 GW measured in 1 MA W X-pinch experiments [16] using the same techniques. Second, in some SATURN experiments the same slits, filters, and similar films and magnification (about 6) were used as in our 1 MA experiments. The main difference was that the slits were located 1188 mm from the target instead of 137 mm, for a difference in solid angle of about 75. Comparable film exposures were seen in both experiments in both Cu-and Ti-filtered slit images, a direct measurement that the bright spots are roughly ∼75 times brighter.
Third, there is self-consistency in the measured radiation power, the measured source size, and the inferred blackbody spectrum implied by the analysis in Fig. 3 . A 1275 eV Finally, blackbody X-pinch sources are theoretically plausible. We ran three-dimensional radiation magneto-hydrodynamic simulations of a tungsten X-pinch on SATURN using the GORGON code [13] , using 1.6 µm resolution and random single-cell surface perturbations.
As shown in Fig. 6 , after an initial shock a partly quasi-static compression phase follows during which significant axial mass redistribution occurs and instabilities rapidly develop.
As in 200 kA experiments [25] the necks "cascade, consistent with SATURN observations of both large, long-duration sources and multiple small bright spots. The radial compression is enabled in part by axial mass flow, but the cross-point region remains dense throughout the implosion. This simulation radiated about 4.5 TW at peak power in a near-blackbody spectrum, mainly from the narrow necks. The conditions at this time are extreme, with ∼200 Gbar thermal pressures and magnetic pressures a few times that, for peak fields of about 150,000 T and peak densities >400 g/cm 3 .
Calculated emission spectra assuming a 6 µm diameter, 1.3 keV plasma indicate that densities more than five times solid would be required for the bright-spot emission to be consistent with our streak data, peak radiated power, and time-integrated W/Cu spectra.
For higher plasma temperatures of about 3 keV, near-solid densities would be consistent with our data. Densities from 1-10 times solid are significantly higher than those inferred for lower-current bright spots, but they do not reach the extreme conditions predicted in Ref. 13 .
Our data clearly show remarkable results from 5 MA X-pinch experiments, and clearly indicate more extreme bright spot parameters such as power and brightness have been achieved than those from lower-current experiments. Without a better density measurement it is difficult to say what the plasma pressure of our x-ray sources is. An alternative might be to measure the magnetic field associated with the extreme magnetic pressures predicted by simulations. At the ∼100,000 T fields generated by MA currents at few µm diameters, Zeeman splitting on the order of tens of eV may be observable in x-ray emission lines, provided that we could overcome density broadening [29] . We hope our data will help to motivate future experiments along these lines.
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